ABSTRACT. Glyphosate-tolerant (Roundup Ready ® , RR) soybean is the most widely cultivated genetically modified crop in the world. The aim of this study was to evaluate, in a long-term field experiment, the chemical composition of grains in a pair of cultivars composed of the conventional parent (BRS 133) and the nearly isogenic transgenic (BRS 245RR) soybean. Plants were cropped under two different edaphoclimatic conditions in Brazil. The experiments began during the 2003/2004 growing season; samples were collected during the 2011/2012 harvest. Were quantified the contents of isoflavones (high performance liquid chromatography), fatty acids (gas chromatography), lipid and proteins (near infrared spectroscopy in the NIR -Near Infrared Reflectance) and minerals (atomic absorption flame spectrophotometry). All samples were analyzed in three replications. Major differences were observed between the two cultivation locations. In Ponta Grossa, which has lower temperatures and higher rainfall during the grain filling period, the contents of lipids and isoflavones were higher. In Londrina, which hassoil with higher fertility, the contents of minerals, proteins and carbohydrates in soybean grains were higher. Significant differences were observed between the cultivars. The conventional parent had higher protein contents and lower lipid contents. The transgenic soybean line had higher isoflavone contents.
Introduction
Soybean [Glycine max (L.) Merrill] has become the most important oil seed crop in the international market in recent decades (JAMES, 2013) . In the 2012/2013 growing season, global soybean production was estimated to be 286 million tons. Production was highest in the United States, with 93 million tons produced from 31 million hectares. Production was second highest in Brazil, which produced 85 million tons from 28 million hectares (USDA, 2013) .
Both conventional and transgenic soybeans are currently being cultivated world wide. The glyphosate-tolerant transgenic Roundup Ready soybean (also known as RR soybean) has undergone the insertion of the resistance gene 5-enolpyruvoilshikimate-3-phosphato synthase (EPSPS, E.C. 2.5. 1.19, CP4) . This gene confers tolerance to the herbicide glyphosate (PADGETTE et al., 1995) . However, glyphosate is absorbed and metabolized by plants and can alter secondary metabolism processes; this is because the endogenous EPSPS enzyme remains unaltered (REDDY et al., 2000) . According to the principle of substantial equivalence, foods produced from genetically modified grains (GM) are considered safe if they present no differences in comparison with foods produced from conventional grains. Theoretically, GM grains must have the same nutritional value as conventional grains for releaseto be approved. In addition to the effect of the transgene, the application of glyphosate may also significantly alter the chemical composition of soybean; the contents of minerals and phenolic compounds such as isoflavones may be altered (MILLSTONE et al., 1999) .
Given the aforementioned context, it is important to continuously monitor the effects the long-term effects of the cultivation of transgenic plants in field studies. The nutritional quality of grains must be measured to ensure the environmental safety of this biotechnology. The aim of this study was to compare the chemical composition of grains from the following two soybean cultivars: a conventional parent (BRS 133) and anearly isogenic transgenic (BRS 245RR) genotype. The compositions of soybeans grown in two long-term experiments under different edaphoclimatic conditions in southern Brazil were determined.
Material and methods
Soybean [Glycine max (L.) Merr.] cultivar BRS 133 (a conventional parent non-transgenic genotype) and its nearly isogenic transgenic BRS 245 RR counterpart were cropped in two long-term experiments performed under two different edaphoclimatic conditions in southern Brazil. The first experiment was conducted in aneutrophic Red Latosol soil in Londrina, Paraná State (630 m altitude; 23°11' S, 51°11' W). The second experiment was conducted in a dystrophic Red Latosol soil in Ponta Grossa, which is also in Paraná State (886 m altitude; 25°09' S, 50°04' W). The experiments began in the 2003/2004 growing season and were performed in the same plots (with transgenic and non-transgenic soybean) every summer season. Non-transgenic wheat (Triticum aestivum L.) was grown during the winter season. A complete description of the field experiments was recently published (HUNGRIA et al., 2014) . For this study, sampling was carried out during the 2011/2012 growing season.
The experimental design consisted of randomized blocks. Initially, each treatment contained six replicates. Replicates were represented by combinations of transgenic and non-transgenic pairs of cultivars and treatment with herbicides. Overthe last six years before samples were taken for this study, the experiment was changed to 45 plots of transgenic soybean and 45 plots of non-transgenic soybean. A unique pair of cultivars was used (RR transgenic and its respective parent cultivar), and the 90 plots were treated equally with conventional herbicides. For this study, it was possible to analyze the effects of the RR transgene on grain composition. Samples from 18 field plots per treatment were harvested. Grains from six plots were homogenized to form one replicate; therefore, each treatment had three replicates. Grain samples were air dried to the desired moisture content.
Oil and protein contents were determined by spectroscopy in the near infrared region (NIR) with diffuse reflectance using the partial least squares (PLS) regression method. Genotype spectra were collected from intact seeds positioned in the integrating sphere of the NIR apparatus (Thermo Scientific Antaris II). Moisture and ash content were determined using the method of AOAC (2000) . The carbohydrate content was estimated using the diference between these measurements [100 -(moisture + protein + oil + ash) (AOAC, 2000) . Three replicates per treatment were analyzed. The results were expressed in mg 100 g -1 .
To determine the mineral content, samples were burned in a muffle furnace at 600°C for 6-8h until complete organic matter decomposition occurred; recovery with a nitric acid solution (5%, v v -1 ) was then performed (at approximately 90°C). The contents of K, Ca, Mg, Fe, Cu, Zn, Co, Mn, and Na were quantified using flame atomic absorption spectrophotometry (using Analytik Jena novAA 300 instrument with winAAS software). The results were expressed as mg 100 g -1 . Samples were also analyzed in triplicate. Isoflavone extraction was carried out according to the methodology described by Carrão-Panizzi et al. (2002) . Isoflavones were extracted from defatted soy flour (DSF).
Isoflavones were separated and quantified according to the methodology described by Berhow (2002) , with some modifications. Aliquots of 20 μL were automatically injected into a liquid chromatograph (Waters, 2690 model . Isoflavone concentrations were expressed in mg of each isoflavone per 100 g -1 of DSF. Total lipids (TL) were determined using the Bligh and Dyer (1959) method. Fatty acid methyl esters (FAME) were prepared via the methylation of total lipids (TL), according to the method described by Hartman and Lago (1973) . Methyl esters were separated by gas chromatography in a Thermo 3300 Scientific (Varian) gas chromatograph equipped with a flame ionization detector (FID) and a fused silica capillary column CP-Select CB-FAME 7420 (100 m x 0.25 mm id, 0.25 μm film thickness, Varian, USA). The carrier gas flow (H 2 ) was 1.2, 30 mL min -1 N 2 and a minimum of 300 mL min -1 synthetic air (H 2 ). The sample splitting rate was 1:100. The samples (2 μL) were injected in triplicate. The operation parameters were as follows: the detector temperature was 240°C, the injection port temperature was 230°C and the column temperature was 165°C, programmed to increase at 4°C min -1
. to reach 235°C and to hold at this temperature for 14 min. for a running time of approximately 32 min. Peak areas were determined using ChromQuest 5.0 software (Varian). To identify the fatty acids, retention times were compared with those of standard methyl esters (Sigma, USA).
Quantification (in mg fatty acid g -1 of total lipids) was performed using tricosanoic acid methyl ester as an internal standard (23:0) as described by Joseph and Ackman (1992) . Theoretical flame ionization detector (FID) correction factor values were used to obtain concentration values (VISENTAINER, 2012) . Fatty acid contents were calculated in mg g -1 of total lipids using the following equation:
FA is the mg of fatty acids per g of total lipids, AX is the peak area (fatty acids), AIS is the peak area of the internal standard (IS) methyl ester of tricosanoic acid (23:0), WIS is the IS weight (mg) added to the sample (in mg), WX is the sample weight (in mg), CFX is the theoretical correction factor and CFAE is the conversion factor necessary to express results as mg of fatty acids rather than as methyl esters. The results were converted from mg fatty acid g -1 of total lipid to mg fatty acid g -1 per seeds. Three replicates were analyzed per treatment.
Analysis of variance was performed using ANOVA (GenStat® for Windows 8.0, VSN Int. Ltd, United Kingdom, 2005). Tukey's test was performed to compare averages using the Statistica 7.0 program (StatSoft, USA). In addition, the data were analyzed by a multivariate technique using non-metric multidimensional scaling (NMS) (SOKAL, 1979) , with Sorensen distances, using the program PC-ORD v 6.0 (McCUNE; MEFFORD, 2011) to evaluate the effects of the transgenic trait and the sites on the contents of isoflavones and fatty acids. The number of dimensions to be interpreted was selected considering the stress criteria and the stability of the graphical solutions. Variations among samples were characterized using Pearson correlation coefficients between the samples scores in the NMS axes 1 and 2 and the values of each isoflavone or fatty acid.
Results and discussion
Concentrations of Fe, Cu, Zn, Mn, Mg, Ca, K, and Na were significantly different between the two locations. Plants grown in Londrina contained the highest concentrations of all of the minerals analyzed (Table 1) . The soil fertility levels in Londrina are higher than those in Ponta Grossa. In general, Londrina soil has higher contents of all nutrients (HUNGRIA et al., 2014) . This may explain the mineral composition of the grains. Significant differences between the transgenic and non-transgenic cultivars were observed only in the Cu and Na contents. Considering the interaction between locations and cultivar, the only difference Table 2 ). This finding may also be related to higher soil fertility (HUNGRIA et al., 2014) . One major factor contributing to the higher level of protein observed in plants grown in Londrina is the higher soil pH (HUNGRIA et al., 2014) . Mascarenhas et al. (1996) demonstrated that soil acidity decreases the concentration of protein in grains. Differences between the cultivars were also detected. The conventional line BRS 133 accumulated more protein than the transgenic line (Table 2 ). This finding might be related to the lower rates of biological nitrogen fixation observed in RR soybean cultivars (HUNGRIA et al., 2014) .
The lipid content was significantly higher in plants grown in Ponta Grossa (21.14 g 100 g -1 ) than those grown in Londrina (19.21 g 100 g -1 ) ( Table 2 ). The higher content of lipids in plants grown in Ponta Grossa in our study could be explained by rainfall patterns during the grain filling period. Dornbos and Mullen (1992) demonstrated that significant water stress during the grain filling period leads to lower lipid content and higher protein content. Rainfall was much greater in Ponta Grossa during this stage of development (Figure 1) . The protein and lipid levels are determined by both the genotype and the environment (HOECK et al., 2000) . Under water stress, plants may modify their metabolic pathways to produce more proteins instead of lipids. In contrast with the protein content, the lipid content was higher in the transgenic line BRS 245RR (Table 2 ). This might be attributed to the genetically determined trade off between the accumulation of proteins and the accumulation of lipids in legume grains (BRIM; BURTON, 1979) .
The carbohydrate content in plants grown in Londrina was higher than in plants grown Ponta Grossa. No differences in carbohydrate content could not be attributed to the presence of the transgene (Table 2) . Statistically significant differences in isoflavone contents were detected between the sowing locations and the soybean cultivars (Table 3) . Among the isoflavones quantified, the highest concentrations were found in the crops grown in Ponta Grossa; the exceptions to this were daidzein and genistein, but both of these compounds contributed little to the total isoflavone concentration. The temperatures in Ponta Grossa are much lower than those in Londrina during the grain filling period. Soybeans cultivated under lower temperatures accumulate higher concentrations of isoflavones. In addition, the transgenic cultivar BRS 245RR contained higher concentrations of all isoflavones than the parent cultivar at both locations (Table 3) .
In both genotypes and at both sites, the isoflavones malonyl genistin and malonyl daidzin were present at the highest concentrations (Table  3) . Similar results have been reported in other studies (CARRÃO-PANIZZI et al., 1998 LEE et al., 2003) . Low concentrations of the aglycones (daidzein and genistein) were detected. In aprevious study by CARRÃO-PANIZZI et al. (2009) , the concentrations of daidzein, glycitein and genistein were very low or undetectable.
Isoflavone contents may undergo changes according to the genotype, soil type, and the climate condition (CARRÃO-PANIZZI et al., 1999; HOECK et al., 2000) . In our study, the higher isoflavone contents found in plants grown in Ponta Grossa may be due to both lower temperatures and the higher rainfall observed at this site during the grain filling stage (Figure 1 ). Values are presented as mean ± SD (n = 3). Analysis of variance (p < 0.05). Values are presented as mean ± SD (n = 3). Analysis of variance p < 0.05).
During this period, the minimum temperature at the Londrina site was 19.4°C, the maximum temperature was 29.7°C and the accumulated rainfall was 23.6 mm. The Ponta Grossa site had a minimum temperature of 17.0°C, a maximum of 26.6°C and an accumulated rainfall of 111.2 mm (Figure 1) . Increases in the concentrations of isoflavones in soybean are strongly linked to lower temperatures during the grain filling period (CARRÃO-PANIZZI et al., 1998) . Reduced levels are observed when the crop is grown in warmer locations (LEE et al., 2003) .
The graphical ordination of the isoflavone profiles after NMS analysis confirmed that there were significant differences between both the sites (Ponta Grossa and Londrina) and the cultivars (BRS 245 RR and BRS 133) (Figure 2) .
The correlation coefficients of the isoflavones and the NMS axes are presented in Table 4 . Axis 1 and 2 of the NMS analysis explained 92.3 and 5.8% of the total variance in the data, respectively. Along NMS axis 1, there is a clear separation between the locations (Ponta Grossa and Londrina). Along NMS axis 2, it is possible to observe a separation due to the cultivar (transgenic or non-transgenic). This indicates that the crop location has amajor influence on the isoflavone content. The presence of the transgene also has an influence, although it is less marked.
According to Table 4 , nearly all of the isoflavones were strongly correlated with axis 1. Malonylgenistin, malonyldaidzin and G-genistin were strongly related to the Ponta Grossa site, which corroborates with the data in Table 3 , where the values of these isoflavones were higher in Ponta Grossa. On the axis 2, the isoflavone with the highest correlation was G-daidzin, which presented higher values in transgenic cultivar, also, in agreement with Table 3 In general, genetically modified soybeans are the property of private companies; there is no access to the parent genotypes for comparison studies. Our study offers an important comparison, as the BRS 245RR cultivar was released in a partnership between Monsanto ® and Embrapa. Therefore, a pair of cultivars was available for our study. Another unique condition from our study is that the plots were grown with transgenic and non-transgenic soybeans over eight years. For the last six years, plots were treated with the same conventional herbicides. Differences could then be attributed exclusively to the transgene. By comparing nearly isogenic cultivars and using several data analysis techniques, it was confirmed that the grains of the transgenic soybean cultivar BRS 245RR had higher isoflavone contents than the parent cultivar BRS 133. Therefore, the metabolic changes that result in increased isoflavone contents in glyphosate-tolerant genotypes should be studied.
Among the fatty acids measuredin the crops studied, those found in the highest concentrations were linoleic acid (LA, 12), and palmitic acid (16:0) ( Table 5) . Similar values have been described in the literature (BÖHN et al., 2014; PAUCAR-MENACHO et al., 2010) . Of the nine fatty acids measured, palmitic (16:0), palmitoleic (16:1n-9), stearic (18:0), linoleic (18:2n-9,12), alpha linolenic (18:3n-9,12,15) and behenic acid (22:0) were present in the oil of seeds at similar concentrations, even though the two sites differed in latitude and minimum temperature. The contents of oleic (18:1n-9), vaccenic (18:1n-7) and gadoleic acid (20:1n-9) were significantly different between the two locations; the contents of these compounds were significantly higher in the seeds of plants grown in Londrina (Table 5 ). There were no significant differences in fatty acid contents between the transgenic and the non-transgenic cultivars (Table  5) . In a study performed in Iowa (USA), one transgenic soybean variety presented with a higher palmitic acid (16:0) content and a lower linoleic acid (18:2n-6) content than the conventional cultivar (BÖHN et al., 2014) . Therefore, further research must be performed to understand the differences in fatty acid composition due to the presence of the transgene.
The 1:1 omega-6 omega-3 (n-6 -n-3) ratio has changed in recent years. Western diets now provide a ratio of 10-20:1, with a reduction in this ratio being necessary (SIMOPOULOS, 2011) . The n-6 n-3 ratio in the samples analyzed is within the acceptable values set by the World and Health Organization (WHO, 1973) . BRS 245 RR grown in Ponta Grossa presented with better ratios compared to plants of the same cultivar grown in Londrina. The polyunsaturated fatty acids:saturated fatty acids (PUFA:SFA) ratios for all samples were above 0.45, which is the value recommended by the British National Health Service. Specialists recommend that, to maintain a balanced diet, the PUFA:SFA ratio must be above 0.4 (WOOD et al., 2008; HMSO, 1994) .
The main factor affecting the composition of fatty acids in soybean grains is the minimum temperature during the grain filling stage, as the enzymes that control their biosynthesis are sensitive to temperature Figure 3A and B) demonstrated that most of the data variability is represented on axis 1. On this axis, it can be observed that the fatty acid content varied according to the location and the cultivar. However, the NMS ordination was not as clear for the isoflavones data (Figure 2) .
The majorfatty acids associated with axis 1 were palmitoleic acid (16:1n-9) and gadoleic acid (20:1n-9). Stearic acid (18:0) was the main fatty acid associated with axis 2 (Table 6 ). Values are presented as mean value ± SD (n = 3). Analysis of variance (p < 0.05). 
Conclusion
Major differences were observed in the chemical composition of grains grown at the two locations. These differences were less pronounced between the two cultivars (transgenic and non-transgenic soybean varieties). Plants grown in Ponta Grossa presented with higher lipid and isoflavone contents. Plants grown in Londrina had higher minerals, protein and carbohydrate contents. The conventional parent cultivar had higher protein; however, this cultivar had a lower lipid content. In contrast, the transgenic soybean had higher isoflavone contents.
